Abstract The cornea functions as the major refractive interface for vision and protects the internal eye from insult. Current understanding of innate immune responses to corneal infection derives from a synthesis of in vitro and in vivo analyses. However, monolayer cell cultures and mouse models do not accurately duplicate all aspects of innate immunity in human patients. Here, we describe a three-dimensional culture system that incorporates human cells and extracellular matrix to more completely simulate the human cornea for studies of infection. Human corneal stromal fibroblasts were mixed with type I collagen in 3-μm pore size transwell inserts, and overlayed with Matrigel to simulate a human corneal stroma and epithelial basement membrane. These were then infected with a cornea-tropic adenovirus, and exposed on their inferior side to leukocytes derived from human peripheral blood. Subsequent analyses were performed with histology, confocal microscopy, ELISA, and fluorescence-activated cell sorting (FACS). CXCL8, a neutrophil chemokine shown previously as the first cytokine induced in infection of human corneal cells, increased upon adenovirus infection of facsimiles in a dose-responsive fashion. Myeloperoxidase-positive cells infiltrated infected corneal facsimiles in a sub-Matrigel location, possibly due to CXCL8 colocalization with heparan sulfate, a Matrigel constituent. Cellular infiltration was significantly inhibited by treatment with chemical inhibitors of p38 MAPK and Src kinase, both constituents of a signaling cascade previously suggested to regulate inflammation after adenovirus infection. FACS analysis determined that both virus and corneal fibroblasts were necessary for the induction of leukocyte migration into the facsimiles. The corneal facsimile, literally a cornea in a test tube, permits mechanistic studies on human tissue in a highly tractable system.
Introduction
The cornea is the avascular, transparent tissue of the eye which refracts light, and forms part of the barrier between the internal eye and the external environment (Suzuki et al. 2010) . The principal layers of the cornea, from anterior to posterior, consist of a stratified epithelium, collagenous stroma, and monolayered endothelium. The stroma comprises 90% of the corneal thickness. It contains predominantly collagen type I and is interspersed with keratocytes, specialized fibroblastlike cells that participate in repair and maintenance of the corneal extracellular matrix (West-Mays and Dwivedi 2006) . Microbial infection of the cornea leads to stromal inflammation (keratitis), which in turn leads to scarring and poor vision, and can result in corneal perforation and loss of the eye.
Epidemic keratoconjunctivitis (EKC) is a hyperacute and highly contagious ocular surface infection caused by viruses within human adenovirus species D (HAdV-D) (Ford et al. 1987) . Upon resolution of the acute infection, EKC is associated with a relapsing and remitting stromal keratitis, in which peripheral blood leukocytes infiltrate the subepithelial anterior corneal stroma in a multifocal pattern resulting in eye pain and reduced vision (Butt and Chodosh 2006) . No specific treatment exists for the keratitis associated with EKC, and existing animal models of the infection are limited by the relative failure of human adenoviruses to replicate outside the human host (Duncan et al. 1978; Younghusband et al. 1979; Blair et al. 1989; Ginsberg et al. 1991; Chintakuntlawar et al. 2007; ) . Studies performed using either primary and immortalized human cell lines in monolayer culture, or a mouse model of keratitis in which the virus induces inflammation but does not replicate, have implicated signaling pathways involving Src kinase, phosphoinositide 3 kinase, and MAP kinases, and the chemokines CXCL8 and CCL2 in the initial pathogenesis of keratitis (Chodosh et al. 2000; Natarajan et al. 2002a Natarajan et al. , b, c, 2003 Rajala et al. 2005; Xiao and Chodosh 2005; Chintakuntlawar et al. 2007 Chintakuntlawar et al. , 2010 Rajaiya et al. 2008 Rajaiya et al. , 2009 Chintakuntlawar and Chodosh 2009) .
Three-dimensional cultures are growing in popularity as an alternative approach to biological studies. These cultures can recapitulate cell polarity, differentiation, signaling, and gene expression seen in vivo (Yamada and Cukierman 2007) . To improve our understanding of basic mechanisms that underlie the pathogenesis of adenovirus keratitis, we have taken a prior three-dimensional facsimile of adenovirus keratitis (Chodosh et al. 2000) , in which human keratocytes, fully susceptible to HAdV-D infection, are embedded in type 1 collagen and infected, and further adapted the model by overlaying the collagen with a basement membrane prior to infection, and coculture with human leukocytes. Remarkably, this "corneal facsimile" can be manipulated to elicit leukocytic infiltrates very similar to those seen in adenovirus keratitis in human patients with EKC, and can be applied to the examination of the molecular pathways leading to keratitis.
Materials and Methods
Cells and viruses. Keratocytes were isolated from human donor corneas as previously described (Chodosh et al. 2000) and grown in DMEM with 10% FBS (Gibco, Grand Island, NY). These cells have a fibroblast phenotype after culture in serum (LaGier et al. 2013) but recover somewhat to their original biochemical phenotype when cultured in collagen (Lakshman and Petroll 2012; Thompson et al. 2013) . Cells from multiple donors were pooled and the cell monolayers used at passage 2 or 3. Human peripheral blood leukocytes were prepared from discarded buffy coats obtained from the Massachusetts General Hospital Blood Component Laboratory. Briefly, human buffy coat was diluted 4:1 with room temperature phosphate buffered saline (PBS), and 20 ml layered onto Histopaque 1119 and 1077 (Sigma-Aldrich, Steinheim, Germany) (10 ml each) and centrifuged at 1,200×g for 30 min at room temperature. The leukocyte pellet was washed twice with PBS prior to use in facsimiles (see below). HAdV-D37 was obtained from American Type Culture Collection (ATCC, Manassas, VA), and purified by cesium chloride gradient prior to use.
Pseudomonas aeruginosa used in this study was originally cultured from a patient with microbial keratitis. The derivation of primary corneal cells from deceased human donors and use of buffy coat cells from anonymous donors were approved by the Massachusetts Eye and Ear Infirmary Human Studies Committee, and conformed to the tenets of the Declaration of Helsinki.
Cornea facsimile. Twelve-millimeter transwell plates with 3-μm pore size (Corning Inc., Corning, NY) were precoated with a neutralized solution containing 1× phosphate buffered saline (PBS), 10% DMEM, and 50% collagen type I (BD Biosciences, Bedford, MA). The same neutralized solution was then mixed with primary human corneal fibroblasts (derived as above) to a concentration of 1×10 6 cells/ml, and 350 μl (containing 3.5×10 5 cells) of the cell-containing solution added to the precoated transwell inserts. The facsimiles were allowed to set at 37°C in 5% CO 2 for 15 min, and then 75 μl of reduced growth factor-containing Matrigel (Growth Factor Reduced, BD Biosciences, San Jose, CA) was layered onto the upper surface of the collagen and allowed to set overnight at 37°C in 5% CO 2 . Each facsimile was then infected overnight with HAdV-D37 at a multiplicity of infection of 10-30, depending on the experiment, with dialysis buffer as a control, or with P. aeruginosa at log phase, for 2 h in 5 μl of PBS with an optical density reading of 1.0 at 600 nm. Leukocytes derived from human buffy coat (5×10 6 cells, purified as above) or media control were added in 600 μl of DMEM with 2% FBS to the bottom chamber of each transwell plate for 1 h at 37°C in 5% CO 2 . In select experiments, cells were treated overnight with the signaling inhibitors PP2 or SB203580 (10 μM each) (Calbiochem, La Jolla, CA) prior to incubation with human peripheral blood leukocytes.
Enzyme-linked immunosorbent assay. Supernatants from the bottom chambers of transwell plates containing infected or mock-infected corneal facsimiles were collected after overnight infection, and levels of CXCL8 were quantified by sandwich enzyme-linked immunosorbent assay (ELISA). Antihuman CXCL8, biotin-conjugated anti-human CXCL8 antibodies, and recombinant CXCL8 standards were purchased from BD PharMingen (San Diego, CA). The lower detection limit of the ELISA was determined during optimization to be 30 pg/ml. ELISA plates were read on a SpectraMax M2 microplate and analyzed with SOFTmax analysis software reader (Molecular Devices, Sunnyvale, CA).
Confocal microscopy. Facsimiles were fixed in 0.05% paraformaldehyde for 10 min, washed in PBS containing 2% FBS, permeabilized in 0.1% Triton X-100 for 1 h, blocked for 1 h in 3% FBS in PBS, and then incubated in 5 μg/ml of anti-CXCL8 or anti-myeloperoxidase antibodies (Thermo Fisher, Pittsburg, PA) overnight at 4°C. After washing in 1× PBS containing 2% FBS, facsimiles were fixed in 2% paraformaldehyde, and mounted using Vectashield (Vector labs, Burlingame, CA) mounting medium containing DAPI. Images were taken in a Leica SP5 confocal microscope using a 40× objective (Leica Microsystems, Buffalo Grove, IL). Neutrophil infiltration into facsimiles, as indicated by the intensity of myeloperoxidase staining, was quantified in three randomly chosen frames from each of three experiments for each treatment group using ImageJ software (http://imagej.nih.gov/ij/). FACS analysis. Leukocyte infiltrates in virus-or bacteriainfected facsimiles were studied by fluorescence-activated cell sorting (FACS) analysis. Facsimiles were harvested 1 h after addition of leukocytes and digested with 1 mg/ml collagenase type I (Sigma, St. Louis, MO) and 0.5 mg/ml DNase (Roche, Indianapolis, IN) for 5 min at room temperature. Single cell suspensions were washed twice in PBS, incubated on ice for 15 min with 2 μl anti-human Fc (BD Pharmingen, San Diego, CA) in a total volume of 100 μl PBS with 1% BSA, centrifuged at 300×g for 5 min, and resuspended in 10% FBS for an additional 15 min on ice. Cells were then labeled with 5 μl FITC-conjugated anti-human CD45 (BD Pharmingen) and incubated in the dark on ice for 30 min. Following incubation, the cells were washed three times with PBS-1% BSA and resuspended in 400 μl PBS. Flow cytometry was performed on a Cytomics FC500 (Beckman Coulter, Brea, CA) for CD45 positive events, representing the numbers of leukocytes present in infected and control facsimiles.
Histology. Facsimiles were removed from transwell plates, rinsed in PBS, and fixed in 4% paraformaldehyde for 24 h at room temperature, 70% alcohol for 24 h at room temperature, and embedded in paraffin. Samples were cut into 5 μm-thick sections, mounted on positively charged slides and air-dried overnight. After deparaffinization and rehydration, slides were stained with hematoxylin and eosin for histology, coverslipped, and photographed using a 40× objective (Axiovert 135; Carl Zeiss, Thornwood, NY).
Statistics. Comparisons between means were performed with ANOVA with Scheffe's comparison test. Statistical significance was set at p<0.05.
Results
Cornea facsimile model. The cornea facsimile model of stromal keratitis after HAdV infection was generated as shown in Fig. 1 . In brief, cultured human corneal fibroblasts from cadaveric donor eyes were embedded in type I collagen set on tissue culture inserts with a 3-μm pore size membrane, infected overnight with HAdV-D37, and then cocultured with leukocytes for 1 h from fresh human peripheral blood. The histology of mock and HAdV-37-infected facsimiles 1 d post infection and prior to coculture with leukocytes is shown in Fig. 2A , in which keratocytes in facsimiles at two different multiplicities of infection (20 and 30) appear to show cell rounding consistent with viral cytopathic effect. We previously demonstrated robust expression of CXCL8 by HAdVinfected human corneal fibroblasts in monolayer culture, log units in excess of CXCL8 expression by cultured human corneal epithelial cells (Chodosh et al. 2000) . To confirm whether HADV-D37-infected human corneal fibroblasts will express CXCL8 when embedded in collagen, we next applied confocal microscopy ( Fig. 2A) . CXCL8 expression by embedded fibroblasts was evident and appeared more intense at the higher multiplicity of infection. When compared by ELISA of facsimile supernatants, CXCL8 expression in infected facsimiles was higher at the higher multiplicity of infection (p < 0.05), consistent with a dose response to infection (Fig. 2B) .
Multifocal infiltration of leukocytes into the subepithelial corneal stroma is characteristic of EKC (Butt and Chodosh 2006) . We next tested the capacity of the corneal facsimile to model the infiltration by leukocytes into an infected corneal stroma-like matrix. Leukocytes derived from human buffy coat were placed in the lower chamber of HAdV-D37-infected or mock-infected facsimiles in transwell plates and incubated for 1 h. Infiltration by these cells into the collagen matrix could only occur against gravity and therefore would require chemokine activity to induce cell migration, similar to movement in a Boyden chamber (Boyden 1962) . As shown in Fig. 3A , myeloperoxidase-positive cells, presumably neutrophils, aggregated in the sub-Matrigel collagen of infected but not mock-infected facsimiles. To determine if the cornea facsimile model could be used to study the role of specific signal transduction pathways in infected cells on subsequent leukocyte infiltration into the corneal stroma, we also pretreated the facsimiles with chemical inhibitors of two kinases previously shown to participate in the intracellular signaling leading to CXCL8 expression by monolayer cultured human corneal fibroblasts: p38 MAP kinase (SB203580) and Src kinase (PP2) (Natarajan et al. 2003; Rajaiya et al. 2008) . In HAdV-D37-infected facsimiles, myeloperoxidase-positive cell migration was significantly abrogated by pretreatment with chemical inhibitors of p38 and Src (Fig. 3B) .
Subepithelial corneal infiltrates are the sine qua non of human stromal keratitis after adenovirus infection (Butt and Chodosh 2006) . To more closely examine the apparent propensity for human leukocytes to migrate specifically to a subMatrigel ("subepithelial") location in the corneal facsimile model, we double stained HAdV-D37-infected and mockinfected facsimiles for CXCL8 and heparan sulfate. The latter is a prominent component of corneal epithelial basement membranes (Torricelli et al. 2013 ), a constituent of Matrigel (Benton et al. 2011) , and was shown previously to bind CXCL8 (Webb et al. 1993; Middleton et al. 1997; Pichert et al. 2012) . By confocal microscopy, CXCL8 was expressed in HAdV-D37-infected but not in mock-infected facsimiles (Fig. 4A) , and colocalized with infiltrating cells (as shown by DAPI staining), and with heparan sulfate. Histology of virus-infected facsimiles confirmed a sub-Matrigel location for focal leukocyte infiltration (Fig. 4B) , very similar to the subepithelial infiltrates in EKC.
Finally, we performed FACS analysis of corneal facsimiles infected with either HAdV-D37 or P. aeruginosa, the latter a major cause of infectious keratitis (Alexandrakis et al. 2000) . Virus particles are not intrinsically chemotactic, while bacterial cells can induce the migration of inflammatory cells into even devitalized tissue (Chusid and Davis 1985; Khandoga et al. 2009; Kahle et al. 2013) . In HAdV-D37-infected corneal facsimiles analyzed by FACS, the presence of both virus and keratocytes was necessary for CD45+ cell infiltration (Fig. 5A) . The cornea facsimile model degraded when cultured for more than 2 h with even small quantities of P. aeruginosa at log phase (data not shown), consistent with enzymatic degradation of the extracellular matrix by bacterial collagenases (Bergan 1981) . At 2 h post infection, the presence of both P. aeruginosa and keratocytes in the facsimile led to more leukocyte infiltration than either alone (Fig. 5B) , suggesting the presence of the human cells amplified the intrinsic chemotactic activity of the bacteria. 
Discussion
CXCL8 is a member of the C-X-C chemokine family, and a potent activator and chemoattractant of neutrophils (Harada et al. 1994) . Previous work demonstrated that CXCL8 establishes degradation-resistant tissue reservoirs when bound to endothelial basement membrane, providing persistent signals for migration of immune cells into tissue (Middleton et al. 1997) . In microarray studies, we previously demonstrated expression of CXCL8 mRNA by HAdV-infected human corneal fibroblasts within 1 h of infection; CXCL8 was among the very first genes upregulated (Natarajan et al. 2002a (Natarajan et al. , b, c, 2003 . Similarly, in HAdV-infected human corneal fibroblasts in monolayer cultures, CXCL8 was the first proinflammatory protein expressed after infection. Mitogen-activated protein kinases (MAPK) respond to proinflammatory cytokines and cellular stresses (Kyriakis and Avruch 2012) and are activated by phosphorylation of upstream kinases, including Src (Kim et al. 2009 ). In human corneal fibroblasts, the expression of CXCL8 upon HAdV infection is controlled by a signaling cascade including the Src kinase and p38 MAPK (Natarajan et al. 2003; Rajaiya et al. 2008) , and is initiated within minutes after HAdV binding to the cells.
Growing cells within an extracellular protein matrix, such as collagen, can preserve normal in vivo morphology and behavior (Fallica et al. 2012) . Because the use of monolayer cultures to mimic in vivo infection might be misleading, we previously tested whether human corneal fibroblasts would Figure 3 . Cornea facsimiles were stained with antibody against myeloperoxidase to demonstrate granulocyte (neutrophil) infiltration after HAdV-D37 infection and leukocyte coculture. As shown (A), mock-infected facsimiles (M, row 1) showed no myeloperoxidase staining, indicative of absence of infiltrating neutrophils. In virusinfected facsimiles (V, row 2), aggregations of myeloperoxidasepositive cells (arrows) were observed in en face and cross sectional views, and also seen with DAPI staining (right column). Pretreatment with inhibitors to p38 (SB203580) and Src (PP2) blocked migration of leukocytes into infected facsimiles (SB+V, row 3, and PP2+V, row 4). Myeloperoxidase (red) signal was subsequently quantified in ImageJ by analysis of three randomly chosen fields in each of three experiments for each treatment group (B). Compared to DMSO, pretreatment of facsimiles with either SB203580 or PP2 prior to infection significantly reduced myeloperoxidase staining. *p<0.05 by ANOVA with Scheffe's comparison test.
express CXCL8 into a three-dimensional collagenous extracellular matrix when infected with HAdV (Chodosh et al. 2000) . By immunohistochemistry, CXCL8 protein in infected constructs increased upon infection but appeared diffusely distributed throughout the matrix. Therefore in the current study, we added a basement membrane-like layer to provide potential binding sites for expressed chemokines. After infection with HAdV-D37, we cocultured the facsimiles with leukocytes derived from peripheral blood of human donors to determine if we could mimic the leukocyte infiltrates seen in human adenovirus keratitis. By confocal microscopy, CXCL8 colocalized with heparan sulfate, a component of Matrigel, in infected facsimiles. More remarkably, leukocytes migrated against gravity into HAdV-D37-infected facsimiles to form sub-Matrigel foci comparable to the subepithelial infiltrates seen in adenovirus infection of human eyes. Therefore, the cornea facsimile model recapitulates several fundamental features of adenovirus keratitis not faithfully reproduced in other models. The cells of the cornea facsimile are derived from human corneas and support HAdV-D replication. Virusinfected cells within the facsimile express CXCL8, which binds to epithelial basement membrane, forming chemoattractant reservoirs-foci for subsequent leukocyte infiltration. Subsequent infiltrates are multifocal and form at the level of the epithelial basement membrane, mimicking subepithelial infiltrates in human adenovirus keratitis. Furthermore, the corneal facsimile model of adenovirus keratitis was e a s i l y a d a p t e d f o r h i s t o l o g y, E L I S A , c o n f o c a l immunomicroscopy, and FACS analysis, indicating the flexibility and usefulness of the model. (Taub et al. 1996) . Existing in vitro models of threedimensional chemotaxis (Pietrosimone et al. 2013) include the Boyden and Dunn chambers. Each system places the cells of interest on one side of a filter (or agar) with pore size large enough to allow transmigration of cells into the opposite chamber, usually containing some test substance. Cells migrating across the filter can then be quantified. Although three-dimensional culture models have been used in tumor biology to more physiologically mime the cancer microenvironment (Kim 2005; Nelson et al. 2008; Weigelt and Bissell 2008) , this tool has not been widely deployed to study infections. A three-dimensional model utilizing the HeLa derivative cell line INT 407 and Salmonella enterica was thought to more closely resemble in vivo infection than a twodimensional counterpart (Nickerson et al. 2001) . However, the behavior of leukocytes during infection was not studied. Compared to our studies of adenovirus infection, the application of the cornea facsimile model to P. aeruginosa keratitis was less successful. The collagen matrices disintegrated upon exposure to relatively modest quantities of bacteria, even over a relatively brief time frame, suggesting an effect of bacterial collagenases (Bergan 1981) . Use of stationary phase cultures was just as unproductive (data not shown). Further experiments are needed to refine the model for bacterial keratitis studies.
Chemotaxis of immune cells is central to inflammation
As discussed above, we have previously shown that proinflammatory cytokines in HAdV infection are expressed in a time-dependent fashion by the action of specific signaling pathways (Natarajan et al. 2003; Xiao and Chodosh 2005;  Rajaiya et al. 2008 ) and subsequent NFκB dimer formation (Rajaiya et al. 2009 ). We also previously reported that Src kinase is upregulated in the mouse adenovirus keratitis model (Yousuf et al. 2013 ) and may play a role in CXC chemokine expression. Using chemical signaling inhibitors to study signaling and innate immunity in an animal model is a challenge, and sometimes not feasible. Mice either knocked out or transgenic for specific signaling molecules in tissue-specific and time-controlled fashion are expensive and time consuming to produce. Also, human adenoviruses do not replicate in the mouse cornea (Chintakuntlawar et al. 2007 ). Use of a Src kinase inhibitor in the corneal facsimile model confirmed a role for Src in adenovirus keratitis and is an example of how the corneal facsimile can be utilized to study the role of intracellular signaling in human keratitis.
Every institutional animal care and use committee mandates that investigators planning to use animals in their research explain why the experiments cannot be done in vitro or in silico, and investigators studying innate immunity typically respond that complex immune mechanisms cannot be modeled outside a living animal. The cornea facsimile model of adenovirus keratitis shows the potential for developing in vitro systems that faithfully recapitulate complex responses of the immune system to infection. 
